because two different sequences of vehicle dynamic performance with similar ACC results may lead to different energy consumption.
System dynamic models
In this paper, a two-axel 4WD E-bus equipped with two motors is selected as the study platform, whose powertrains are based on modular design and are shown in Fig.1 . Each powertrain module is integrated with a main reducer, a differential, a permanent magnet synchronous electric motor (EM) and a brake system. The battery pack and inverter are shared by both front and rear modules. Both front EM and rear EM can provide traction independently. Braking force is provided by braking system and both EMs.
The key parameters of the E-bus are shown in Table  1 . The following part of this section will establish simplified models for each part of powertrain.
EM model
In our study, the characteristics of energy consumption weighs more than the dynamics of EM.
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Introduction
A recent design issue of electric vehicle is how to reduce energy consumption in a car-following maneuver, where multi-motor electric vehicles have demonstrated tremendous potential [1] - [2] . Hence, a two-axel dual-motor 4WD electric bus (E-bus) is selected as a platform. Most of the studies given an insight in ACC and TDS for EVs are supposed to simply add an ACC to a TDS in series (an ACC+TDS) [3] - [4] . An ACC+TDS can solve the problem but is not optimal, Figure 1 Schematic graph of the E-bus powertrain modules Therefore, the EM model is denoted as a fist-order process.
The efficiency of the EM, which includes driving efficiency and energy regeneration efficiency, varies significantly under different operating points, which are shown in Fig. 2 . The efficiency of EM can be expressed as follows
Then, , the power delivery between EM and battery, can be calculated as follows
where , and are the torque, efficiency and rotational speed of two EMs.
Battery model
To achieve a simplified battery model, the effect of temperature on battery is neglected. Therefore, the battery is considered as a voltage source with an internal resistance. The relationships between charging resistance, discharging resistance, open-circuit voltage and are shown in Fig. 3 . We can use interpolation method to determine the Resistance and the Voltage. The gradient of with time is formulated as follows.
where , and are the open-circuit voltage, the internal resistance, and the capacity of battery. It can be seen from (4) 
Vehicle model
The longitudinal model of the E-bus can be described by Eq. (5) - (8).
where ℎ is the mass of vehicle, is the radius of a wheel, is the inertia of a wheel, 0 is the ratio of final drive, is the inertia of EM, is the transmission efficiency, is the braking torque provided by braking system which is a negative value, is the gravitational acceleration, is the gradient of road, is the fraction coefficient of road, is the air resistance coefficient, is the frontal area of vehicle, and ℎ is the longitudinal speed of vehicle. Besides, there are some relationships between the speeds:
Controller design
The energy consumption optimization in a carfollowing maneuver, as shown in Fig. 4 , is a multiobjective problem. In this section, an online controller based on system models is brought forward, considering these objectives numerically.
Figure 4 Car-following maneuver
State space model for car following system
With respect to inter-vehicular longitudinal dynamics and vehicle self-states, three state variables are defined: inter-vehicle distance = − ℎ , vehicle speed ℎ and battery state . The control vector consists of output torque of both EMs, 1 and 2 , and output torque of break system . The input variables are road gradient and the speed of preceding vehicle , which can be acquired from by several sensors. Therefore, a three-state space model for car-following system is formulated as ̇= ( , , )
There exist several constraints in terms of variables in , which are: Consider the fact that an MPC algorithm is usually designed and implemented in the discrete-time domain, the continuous-time (9) is converted into a discrete-time model by zero-order hold (ZOH) discretization, yielding ( + ) = ( ( ), ( ), ( )) (12) where the discretization from of the variables in ( ), ( ), ( ) can be written as follows
where is the acceleration of the preceding vehicle and represents the sample time and is set as 0.1s in this paper. The expressions of vehicle acceleration ℎ ( ) and ( ) are
Cost function design
The controller is aimed at optimizing energy consumption in a car-following scenario, where involves tracking capability, economy and driver desired response. We refine these factors for the purpose of quantifying them and the cost function is written as
is the weighting coefficient. The value of should be determined according to + and . The magnitudes of ( + ) and are 10 2 and 10 −1 in most conditions, respectively, so the magnitude of should be chosen as 10 3 to balance the proportion of dynamic indexes and economic indexes, which sets + and at a same magnitude.
Tracking error index
where 1 , 2 are the cost coefficients and ∆ , ∆ are denoted as follows
is typically calculated by a driver desired clearance (DDC) model. Here, we employ the constant time headway spacing policy [5] to describe it = ℎ ℎ + 0 (23) where ℎ = 2.5 s is nominal time headway, 0 = 5 is the stopping distance for typical bus drivers. Note that the time-gap of ℎ = 2.5 s is larger for bus drivers than for typical passenger car drivers.
Frequent cut-ins from adjacent lanes may be induced due to larger inter-vehicle distance. What's more, unacceptable shorter inter-vehicle distances may lead to frequent driver's intervention. To avoid the issue, a driver permissible tracking range criterion is employed to restrain ∆s and ∆ , which is denoted into inequalities as follows ∆ ≤ ∆ ≤ ∆ (24) ∆ ≤ ∆ ≤ ∆ (25) A time-to-collision (TTC) strategy is used to describe the relationship between safety distance and speed error. Integrating the TTC strategy and the minimum safe distance strategy, we specify an inequality for rearend safety as:
s ≥ (26) = max {
• ∆ , 0 } (27) where ∆ is the safe distance, TTC = −3s is TTC value and 0 = 5m is minimum safe distance.
When one of these three variates--∆ 、∆ 、s is out of constraints, = +∞.
Driving comfort index
Drivers normally manipulates the acceleration pedal or brake pedal to track their desired reference trajectory in the car-following process. Therefore, we use to describe drivers' car-following behavior. A smaller value of indicates less intervention. Besides, the vehicle jerk concerns the driving comfort, so it should be restricted by cost function. 
Economic optimizing index
To optimize energy consumption, economic optimizing index should be defined for power consumption of both EMs. Since both EMs share the same battery, the cost function of economic optimizing indexes can be defined as follows
Simulations and results
The goal of the following simulations is to evaluate the performance of the online economy-oriented controller. These simulations are carried out with a MATLAB/SIMULINK based E-bus model.
Simulation parameters
The parameters of the simulation are shown in Table  2 . In order to verify the control performance comprehensively, driving cycles for city road and highway are adopted in the simulation. The preceding vehicle starts in city road cycle, which lasts 280s and where the average speed is 50km/h, and then switches to highway cycle, which lasts 20s and where the average speed is 80km/h. The road gradient is assumed to be zero during the whole process.
Results analysis
The speed of Preceding vehicle and current vehicle(Ebus) is shown in Fig. 5 . The current vehicle ensures its tracking capability, although there are many conditions of rapid acceleration and deceleration. The travel distance for both vehicles are shown in Fig.  6 and the maximum distance is 11.3km approximately. To further demonstrate the tracking capability of the proposed controller detailed results are shown in Fig. 7 and Fig. 8, representing the difference between actual clearance and driver desired clearance for city road cycle and highway cycle respectively.
It is worth noting that ∆ can meet its restrictions, which is shown in Eq. 24 under both city road and highway conditions. ∆ has an opposite correlation with current vehicle speed. That is because changes once velocity changes, as Eq. 23 shows, while will be more assuasive in its reasonable scope to reduce fuel consumption. 
Comparison with ACC+TDS
The ACC+TDS method is carried out as comparisons with the online economy-oriented controller. The ACC+ TDS method uses an MPC-based ACC to calculate the desired acceleration of the E-bus for next step and then an offline-based TDS is used to distribute the demand torque for the front EM and the rear EM. Fig. 9 shows the variations of with time using online eco-oriented controller and ACC+TDS method. The initial is set as 80% and the final value is 75.17% and 74.94%. Then, the energy consumption per hundred kilometers is 38.47
• ℎ/(100 ) and 40.30
• ℎ/(100 ) respectively and the proposed eco-oriented control strategy can have a 4.5% less energy consumption than that of ACC+TDS method. The comparisons of these two methods are shown in Table 3 .
As mentioned before, two-axle-dual-motor EVs have great potential in saving energy. One of the advantages of a dual-motor EV is that it can flexibly adjust operating points to reach high efficiency, as shown in Fig.10 . Both EMs can operate more efficiently under eco-oriented method than that of ACC+TDS method. 
conclusion
In this paper, nonlinear model predictive control theory was employed to establish an online economy-oriented controller to reduce energy consumption of dual-motor EVs in car-following maneuver. The proposed method has realized a deep fusion of ACC and TDS rather than implement them successively.
Simulations are carried out in MATLAB/SIMULINK to imitate a two-axel-dual-motor electric bus. The results indicate that the proposed online economy-oriented controller can reduce energy consumption to 4.5% compared with ACC+TDS method while ensuring the tracking performance.
